Forest biomass is a main variable for mapping the amount and geographic distribution of forests 38 and its change in time is required to understand the development of carbon fluxes (Brown 2002) . 39
However, biomass stock and spatial distributions are still unknown parameters for many forest 40 regions of the world. Thus, the magnitude, location, and cause of terrestrial carbon sinks and 41 sources are not well quantified on a global scale (Houghton et al. 2009 ). Therefore, 42 methodologies capable of retrieving biomass and forest dynamics at a global scale are highly 43
sought. 44
Accurate terrestrial biomass measurements are time consuming, expensive and rare 45 Height-to-biomass allometric relationships proved to be robust under homogenous forest 66 conditions, and able to accurately estimate AGB from forest dominant height for the predominant 67 temperate European tree species. However, the diversity in forest structure can reduce the 68 precision of this allometric relationship (Toraño et al. 2010 ), thus reducing its accuracy for AGB 69 estimations in forest stands with a heterogeneous structure. Forest structure is then described, in 70 the most general terms, as the distribution of biomass in space; i.e., as a vertical and horizontal 71 spatial arrangement of tree species, tree sizes, or ages (Zenner and Hibbs 2000) which can be 72 measured by distribution of age classes, arrangement of species into different canopy layers, and 73 distribution of individuals among diameter classes. 74
Studies based on conventional forest yield-related stand parameters, like diameter at breast 75 height, basal area or height, have tended to neglect three-dimensional (3-D) stand structures 76 (Onaindia et al. 2004 ) and there is not a clear understanding regarding the allometric relationship 77 that conditions the vertical and horizontal distribution of forest layers and structures (Köhler and 78 Huth, 2010) . A study of the horizontal structures, characterizing forest stand density (Pretzsch 79 and Biber, 2005) showed a strong relationship between AGB and horizontal forest structure. and height metrics or percentiles that are connected to the vertical organization of the forest stand 86 canopy. However, studies based on structures cannot be directly compared among systems and/or 87 with ground measurements, as it is done in the case of forest height, which is in fact, a physically 88 derived variable. Structure is a variable of complex definition and each RS system is sensitive to 89 different compartments of the vertical biomass distribution (stems, crowns, leaves, etc.). 90
Due to this difficulty and the limitations of homogenization of methodologies that account for 91 the different system responses, in this study, we have focused on the vertical biomass distribution 92 obtained from ground data from forest inventories. In this way, vertical biomass profiles 93 (independent from the measuring system) can be used to analyze and/or quantify the 94 relationships that exist, at a biophysical level, between forest vertical structure and biomass. 95
These can be interpreted not only as base for RS applications, but also towards silvicultural 96 investigations. Therefore, the allometric relationships between all vertical elements represented 97 by the vertical structure profile and biomass need to be investigated. For this purpose, 98 polynomial series decompositions (Cloude 2006, Toraño 2010) arise as a suitable method that 99 can characterize and preserve these relationships, contrary to single metrics. 100
Allometric theory: from the single tree to the stand 101
The connection between allometry and growth is outlined in the theory of dynamic 102 D r a f t 6 morphology (Bertalanffy 1942) . One of the key allometric patterns observed for both plant and 103 animal communities is the inverse relationship between body mass and density. Therefore, the 104 physiological relevance of allometric functions lies in the interpretation that the proportion of the 105 total growth energy received by an organism is proportional to its relative size. This principle can 106 be transferred to the population (stand) using the self-thinning rule, according to which the 107 number of individuals is reduced while they compete for resources, increasing their size until the 108 stand reaches a maximum ecological AGB (carrying capacity) (Luyssaert et al., 2008) . 109
Allometric theory predicts then that the total number of individuals per unit area (N) is 110
proportional to the total body mass (M) per unit area (−3/2 power) (Yoda et al. 1963 . 125
In order to understand the mechanistic essence of allometric relationships like the self-126 thinning rule, a thorough understanding of the relationship between spatial interactions among 127 individuals and spatial arrangements of these individuals is needed (Li et al., 2000) . The existing 128 forest structures enable trees to influence factors such as light, temperature, and precipitation, 129 which in turn influence growth and determine the competition among trees for resources and the 130 biomass production (Pretzsch 2009 ). In this way, 3-D stand structure determines the stability of a 131 forest to a large extent and defines its dynamics (evolution in time) (Onaindia et al. 2004) . 132
The interactions between trees are explained according to Pretzsch (2009) as a process with 133 two feedback loops that proceed at different time scales. In the first feedback loop, the local 134 environmental conditions within the stand are influenced by the structure of the canopy, which 135 provides crucial feedbacks between structure, environment, and growth, drive population 136 dynamics (Pretzsch 2014 ) and controls the absorption of photosynthetically active radiation 137 ). Since processes modify structures, the resulting structures can assist the 138 interpretation of those processes which are more difficult to measure or observe. The structural 139 relationships of processes and of individual trees also scale-up to generate emergent properties of 140 forests, such as size, structure, and spacing relationships (Enquist 2009). Hence, all of these 141 interactions indicate that forest vertical structure is intrinsically related to forest evolution. In 142 conclusion, the stock of forest biomass is determined by the vertical and horizontal arrangement 143 of trees, it varies over time because of numerous intra-specific stand structural interactions and 144 disturbances and is defined, at the same time, by the site conditions, i.e. climate and soil 145
conditions. An understanding of the relationship between these parameters is essential under "close-to-nature" silvicultural treatments that have produced a highly structured and 165 diverse forest structure. Traunstein has a mean tree density of 1960 stems/ha, with 8400 stems/ha 166 in the most densely stocked stands and 20 stems/ha in the least densely stocked stands. The 167 median density for stands with the highest biomass (B > 400 Mg/ha) is 2140 stems/ha, which is 168 above the mean tree density. 
Crown model 199
Crown measurements are very intensive and time consuming; therefore, they are not 200 commonly available in inventory data (Nadkarni et al. 1994 ). A precise model of the crown layer 201 is required to achieve an accurate representation of the vertical biomass distribution because the 202 forest canopy is a key structural component for understanding and characterizing forest vertical 203 structure, and it has been shown in the past that it is essential for deriving allometric 204 relationships (Lefsky et al. 1999) . 205 We have selected a model that describes the species-specific crown shape based on the 206 parameters dbh and tree height. This crown model is based on the investigations of Pretzsch 207 (2009) and is explained below. The model particularly fits the requirements of this study because 208 it allows the calculation of average species-specific crown shapes in forested conditions. A 209
representation of the crown model with the required parameters is shown in Figure 2 . 210
The biometric reproduction of crown perimeter was performed for different species in a 211 standard calculation procedure describing the change in crown radius r with increasing distance 212 dist from the tree tip. The crown model splits the crown into a sunlit and a shaded crown. The 213 D r a f t sunlit crown is exposed to direct sunlight and its crown radii r are calculated according to eq. 2. 214
where the species-specific tree parameter is a, and the species-specific exponent is b. The radii r ୳ 216 in the shaded crown were calculated using a linear equation with the species-specific parameters 217 c and d: 218
Values for the parameters a, b, c, and d are species dependent and can be found for the major 220
European tree species as a function of the maximum crown radius (Pretzsch 2009 ). Using tree 221 height, crown base height, mean crown radius, and the species-specific crown shape parameter, 222
we estimated the spatial expansion of the crown, crown volume, and crown surface area. 223
For estimating the biomass enclosed by tree crowns, we used a set of allometric equations that 224 were estimated for the Central and Northern European regions (Ziannis et al. 2005 ). These 225 allometric equations were species dependent and were chosen to fit the growing conditions found 226 at the test site. They described crown biomass as a function of dbh and/or tree height. The 227 equations used are presented in Table 2 . 228
Plot representation 229
A vertical biomass profile on a plot basis was obtained by adding up the vertical distribution 230 of biomass in stems and crowns for every measured tree in the inventory plot. Biomass 231 distribution along the height gives a characteristic profile for each plot. For this, a vertical 232 biomass profile was subsequently generated by summing up the biomass of all trees within a 233 measured plot area (0.05 ha) (Figure 3) . Here, 1 m sampling was chosen, which gave a biomass 234 D r a f t value per meter of height. 235
Vertical structure characterization at plot level 236
Vertical biomass profiles represent the distribution of biomass with forest height; however, the 237 resulting profile is too complex to be applied in an allometric relationship. To evaluate and 238 understand the vertical biomass profiles and the role of vertical structure on biomass at a stand 239 level, we conducted the following: 1) decomposed each vertical biomass profile into a set of 240 profiles with variable spatial frequency (Legendre series); 2) analyzed the correlation of each 241 vertical component to biomass; 3) normalized each profile in order to study the relative vertical 242 structure independently from the total biomass; and 4) combined the low frequency coefficients 243 into a structure ratio which is sensitive to biomass. 244
The Legendre decomposition: structure descriptor 245
The Legendre series were investigated in order to characterize forest biomass profiles. An 246 evaluation was conducted on multiple inventory plots. The Legendre polynomials P(z) are 247 solutions of the Legendre's differential equation and can be defined as the coefficients in a Taylor 248 series expansion (Arfken, 2005) . The Legendre series B(z) are described as: 249
where a ୬ is the Legendre coefficient and P (z) Legendre polynomial and n stands for the order 252 of the polynomial. Equation 5 shows the Legendre polynomial up to n = 4 as a function of 253 height. Figure 4 shows a vertical representation of theses Legendre polynomials. 254
As profile (forest) height is known, the resulting coefficients for the Legendre 256 decompositions are stretched to their correspondent height during the reconstruction of the 257
profile. An example is shown in Figure 5 . A biomass profile was reconstructed using different 258 number of frequencies obtained from the Legendre decomposition (blue). . 279
However, the normalization step, using the Legendre coefficient a , decorrelates the structure 280 to a biomass relationship. At this point, we could not use the direct relationship between the 281
Legendre components and the biomass and we were required to find a new descriptor. Therefore, 282
to exploit the relative dependencies between the profile frequencies characterized by the 283
Legendre coefficients, we combined the first four Legendre coefficients into a structure ratio. 284
This ratio, from now on, is called the structure ratio S ୰ୟ୲ and was calculated as the fraction 285 between low (a ଵ ) and high frequency Legendre coefficients (a ଶ , a ଷ , a ସ ,): 286
where a ୬ are the normalized coefficients. To demonstrate the potential of the structure ratio for 288 interpreting the allometric relationships between the vertical structure and biomass, we 289 calculated the correlation of the structure ratio with the ratio of stem biomass over tree crown 290 biomass. 291
Structure and scale dependency 292
Before analyzing the potential of the new structural descriptor, we considered the impact of 293 D r a f t the stand size on the structure-to-biomass relationship. A small stand size may present limitations 294 to characterize the heterogeneity of the forest structures (Shugart 2010) . One solution to this 295 problem was to combine neighboring plots, according to a distance radius criterion, to simulate 296 larger integration areas. However, if only a distance criterion is used, plots that represent 297 differently structured stands (mainly because of forest management) may be erroneously 298 combined. Thus, the relationship of vertical structure to biomass could be lost. Therefore, a 299 structure and height difference criteria between plots was used. 300
The integration was conducted in the following manner. First, the structure ratio S ୰ୟ୲ and 301 profile height were calculated for every plot. Then, using a moving window of 150 m (to ensure 302 that the eight closest points were included), S ୰ୟ୲ and height differences between the central plot 303
and every other plot in the group were calculated. Those plots with differences below certain 304 thresholds were averaged. For S ୰ୟ୲ a threshold S ୰ୟ୲ > 0.5 was used, which corresponded to a 305 quarter of the structure range. A height (H) < 15 m threshold was selected for the height 306 difference because this distance would typically avoid the combination of forest stands in 307 different age classes. Finally, a new profile was generated using the data from the combined 308 inventory plots, and new heights and S ୰ୟ୲ were estimated. 309
Biomass inversion 310
The structure-to-biomass inversion expression was developed from the combined height and 311 structure ratio based on the following principle. Those inventory plots that followed the height-312 to-biomass allometric curve corresponded to forest stands with ideal allometric conditions, which 313 meant a steady state in terms of resources and demographic conditions (Enquist 2009) and also a 314 vertical structure that represented those conditions. Using the relationship observed between 315 D r a f t forest vertical structure descriptor S ୰ୟ୲ and the forest biomass, it was possible to compensate for 316 the deviations of the plots that were not representing the expected structural conditions that the 317 height-to-biomass allometric equation predicts. An empirical estimation of the 318 parameters a, b, and c yielded an optimized expression of the structure-to-biomass, thereby 319 determining the structure ratio S ୰ୟ୲ as a weighting factor (eq. 8): 320
where H is the profile height, which is equivalent to the dominant forest height or H100. 322
Results

323
From height-to-biomass relationships to a structure allometry 324
The first application of the Legendre decomposition as a vertical structure indicator of 325 biomass is shown in Figure 6 . 326
The correlation between biomass and the Legendre components of an order > 4 (B ସ ) was very 327 low and in all cases < 0.2. This shows that the first four frequencies explain the highest 328 proportion of biomass, and for this reason they were the ones considered to be studied. The 329 importance of each frequency is detailed below. 330
The highest correlation coefficient was observed for component B ଵ followed by B ଷ . The slope 331 of the fitting line represented the proportion of the total biomass that was explained by each 332
Legendre component. At both sites, the largest proportion of biomass was explained by 333 component B ଷ , followed by component B ଵ , and then component B ଶ . From component B ସ and 334 upwards, the explained proportion of biomass was negligible. Moreover, a low number of 335
Legendre polynomials (eq. 5) were sufficient to distinguish between different levels of biomass. 336
The importance of these first four polynomials was also illustrated by examining single profilesD r a f t (Figure 7) . Profiles of 33-m height, with high biomass (dashed) and low biomass (solid), were 338 displayed for reconstructions with five Legendre polynomials. When four or more polynomials 339 were used, it was possible to identify two levels of biomass: the high biomass profile presented 340 with a smoothed shape, which could be interpreted as a higher proportion of the stem 341 compartment biomass; whereas the low biomass profile was sharper, which could be interpreted 342 as a higher proportion of the crown compartment biomass. In Figure 8 , we showed the amplitude 343 of the four Legendre polynomials (a ଵ − a ସ ) for the high and low biomass inventory plots to 344 illustrate the effects of frequency change in the structure ratio. In the profile with a lower 345 biomass (left), even if the amplitude of the first Legendre component (blue) was higher than in 346 the high biomass profile (right), the higher frequencies (components 2, 3, and 4) were dominant 347 and in total they were higher than the low frequency (component 1), which resulted in a reduced 348 structure ratio. 349
The height-to-biomass equation (eq. 1) was applied to each of the test sites (Figure 9 The height-to-biomass allometric relationship after the aggregation process is shown in Figure  361 10 for Traunstein (right) and Ebersberg (left). The correlation coefficients were 0.52 for 362
Traunstein and 0.55 for Ebersberg and the RMSEs were 75.32 Mg/ha and 68.20 Mg/ha, 363 respectively. The deviation was reduced with respect to the non-aggregated case; however, the 364 height value range was retained. The mean values for biomass were now ~190 Mg/ha for 365
Traunstein and ~154 Mg/ha for Ebersberg, with a maximum biomass of 370 Mg/ha and 590 366 Mg/ha, respectively. A clear stratification of the structure ratio according to height was observed 367 in both Traunstein and Ebersberg. 368
In Figure 10 , we show the relationship between the structure ratio, biomass, and height. Every 369 point is color coded according to the value of the structure ratio S ୰ୟ୲ (from 0 to 3); hence, blue 370 colors indicate a low ratio (0.5), whereas red indicates a high ratio (2.5). For a fixed height, 371 points with low biomass (dark blue) present a lower value of S ୰ୟ୲ than points with high biomass 372 (red). Plots with an intermediate ratio value (green) tended to follow the allometric curve. This 373 became more obvious in Figure 11 , where biomass was plotted against the structure ratio for 374 plots with the same height, for Traunstein and Ebersberg. A high correlation between the 375 structure ratio and biomass was observed. It was particularly visible in Ebersberg because of the 376 higher number of plots available. The slope of the fitting lines for Ebersberg was lower than for 377
Traunstein. 378
Biomass inversion and allometric level correction 379
After applying equation 8 to both test sites, we realized that a constant bias was still present 380 for site with respect to one another when using the same parameters (a, b, and c). This bias 381 originated because of the very different forest management plans for Traunstein and Ebersberg 382 D r a f t 19 that resulted in differences in the allometric levels. An approach based on the inventory plots that 383 are placed in the upper side of the height-to-biomass allometry (red plots in Figure 10 ) was used 384 to correct for these effects (Pretzsch 2006 ). These plots corresponded to stands that were not 385 treated or were abandoned by management; hence, they present a common structure which is 386 also independent from the management for the same region and growth conditions (characterized 387 by the allometric exponent). The bias in structure between the inventory plots placed in the upper 388 side of the height-to-biomass allometry and the mean structure (S ୰ୟ୲ ) of the site could be used to 389 estimate the allometric level l and thus to correct for deviations between stands. This was 390 calculated as the ratio between the mean S ୰ୟ୲ of the site (which was expected to follow the 391 allometric curve) and the mean S ୰ୟ୲ of the 10% highest value for the stands above 20 m (which 392 represents the extreme cases out of management). Thus l is calculated using equation 9: 393 sensitivity to the gaps has been a major factor in the structure characterization and the structure 429 ratio S ୰ୟ୲ sensitivity and will influence the further discussion. 430
The behavior of the Legendre coefficients indicates that AGB was primarily related to low 431 frequency Legendre components, which strongly indicates that Legendre coefficients up to the 432 fourth order were sufficient to describe vertical forest structure for biomass estimations. They 433 followed a linear relationship for both test sites and showed that an average of a third of the total 434 biomass was explained by these structural components and was sufficient for AGB estimations, 435 which is indicated by correlations to biomass r ଶ > 0.8 between the first four Legendre 436 coefficients. However, normalization is necessary to focus only on the structural information 437 contained in the biomass profiles. This process has shown a loss in the direct relationship 438 between the Legendre coefficients and biomass. Nevertheless, the combination of the 439 coefficients in the structure ratio S ୰ୟ୲ was able to characterize the allometric relationships 440 between tree structures and biomass, which can be used to improve the biomass inversions. 441
Biophysical interpretation of the structure ratio 442
The potential of the Legendre decomposition expressed in the structure ratio S ୰ୟ୲ to 443 characterize vertical biomass distribution is collected in the trends shown in Figure 10 . These are 444 the basis for the structure characterization developed in this study and correspond with basic 445 allometric (biophysical) principles, which are explained in detailed in the following. 446
High biomass profiles were characterized by low frequency components (Legendre 447 coefficient a ଵ ), since a mature stand approached a homogeneous biomass distribution and a 448 D r a f t 22 high crown filling (Pretzsch 2014) . However, for the same dominant height (H100), it is 449 expected that for the sites studied in this paper, a stand with less biomass presented more gaps 450 with a higher heterogeneity; therefore, the proportion of higher frequency components increased 451 (Legendre coefficients a ଶ , a ଷ , and a ସ ). Hence, the structure ratio could detect this change in 452 frequency, and it was sensitive to the biomass explained by the vertical structure profile, which 453 already points out the capacity of the ratio to identify biomass-related changes in the gap 454 fraction, as shown in studies like Lefsky et al (1999) . The structure ratio S ୰ୟ୲ trends displayed in 455 Accordingly, in this study we have observed that when biomass increased, the ratio of 473 stem/crown increased as the structure ratio increased (Figure 11) , showing that the proportion of 474 stem wood increased in relation to foliage and branches (Petersson et al. 2012 ). In other words, 475 when the stem proportion was larger with respect to the crown proportion, vertical structure 476 profiles presented a smoother surface for a constant profile height. Thus, considering a constant 477 height, a higher proportion of the crown compartment was translated in sharper profiles, which 478 indicated an increase in the lower frequency components of the profile. At both tests sites, 479
Traunstein and Ebersberg, we found that the structure ratio S ୰ୟ୲ was highly correlated with the 480 proportion of biomass in the stem compartment and the biomass in the crown compartment 481 (Figure 13 ). Moreover, in accordance with Niklas (2003) , this trend was independent to the plot 482 profile species composition. Although some residual variations may be the result of local growth 483 conditions, similar slopes in the fitting lines were observed at both test sites. The same effects as 484 discussed above for Figure 11 are observed here. Nevertheless, the linear trend was chosen as a 485 matter of simplicity to illustrate the direct proportionality observed between the structure ratio 486 and the stem/crown biomass proportion, and to allow a direct comparison between the two sites. 487
The filling of canopy gap structure is still a main driver in the vertical biomass distribution 488 resulting profile and it is also driven by the species composition. quantified in terms of leaf area, crown surface and projection area, crown length or width. This is 497 further indicated by studies showing that when trees increase their leaf area they often seem to 498 simultaneously increase crown length or width rather than by increasing leaf area density 499 (Pretzsch 2014) . 500
Aboveground biomass inversion 501
The biomass inversion using the structure information contained in the structure ratio (S ୰ୟ୲ ) 502 improved the inversion results from a height-to-biomass allometry by 20% in the correlation 503 factor and significantly reduced the RMSE (ca 25 Mg/ha) without the need for pre-delineating 504 homogenous forest stands. 505
Differences between the two sites were induced by their very different management plans; i.e. 506 mixed close-to-natural for Traunstein and intense monoculture in Ebersberg. These can be 507 detected by the estimation of a structure-based allometric level, therefore showing sensitivity to 508 competitive relationships, and disturbances (Latham et al. 1998 ). An allometric level estimation 509 and subsequent correction could then be conducted using structural information to access the 510 structure-to-biomass relationships of the most densely stocked plots for each site. The 511 considerable changes in the relationships between stand density and biomass was addressed by 512 the structural changes, as seen between pure and mixed stands (Pretzsch 2014) . In pure stands 513 such as Ebersberg, a higher correcting value of the allometric level is explained by a narrow 514 saddle in the relationship of maximum growth close to the maximum stand density and a 515 progressive decrease in stand growth with a reduction in stand density. In mixed stands such as 516 forests with complex structures and with biomass that cannot be estimated with sufficient 525 precision using forest stand height. The structure-to-biomass relationships proposed here can be 526 applied to any system that is able to profile forest vertical structure. The structure 527 characterization can be used to detect changes in vertical structure for uses other than biomass 528 estimations because it is particularly sensitive to changes in crown filling and changes in the gap 529 structure. 530
The relationship between vertical structure and biomass as well as the physical interpretation 531 of structure changes would be able to enhance the interpretation of reflectivity profiles obtained 532 from RS systems such as SAR or LiDAR. The usage of ground inventory data to generate the 533 vertical biomass profiles that have been investigated here allowed the characterziation of all 534 forest compartments which are potentially detectable by active RS systems, from airborne, 535 ground or spaceborne systems. Since each system, from the highest frequency (e.g. LiDAR, 536
Xband SAR) to the longest (e.g. P-band SAR), detects different biomass compartments, a 537 methodology which is able to connect allometric relationships for a complete vertical structure 538 D r a f t 26 with AG biomass, can potentially be adapted and implemented with either RS system. 539
In this paper, we found that traditional height-to-biomass relationships were not accurate 540 enough to estimate AGB in diverse forest systems which represent a large proportion of the 541 world forest ecosystems (~50%). However, the high variance produced by this allometric 542 relationship can be corrected with the inclusion of second order parameters such as structure as 543
we have seen in two forest stands that represent typical structural conditions in Central Europe. 544
The structure ratio proposed here shows a direct relationship to biomass, and it can be 545 explained by forest biophysical properties, which were tested using ground forest inventory data 546 and modeled scenarios. The noise introduced because of the small inventory plot size was taken 547 into account and corrected using an aggregation algorithm that discriminated between structural 548 discrepancies based on structure ratio and profile height thresholds. The structural differences 549 present at both test sites due to different management treatments could be accessed using the 550 structure descriptor S ୰ୟ୲ and corrected with the allometric level l to obtain similar biomass 551 inversion performances. We have experienced that areas of at least 0.5 ha are necessary to have a 552 stable and representative estimation of the forest vertical structure (Shugart et al. 2010 ). The 553 allometric relationship of forest structure to forest biomass becomes representative at this scale. 554 Therefore, forest inventories with full tree measurements in larger areas (0.5-1 ha) would 555 improve the understanding and development of structure allometric relationships. where r(h) is the tree radius as a function altitude h, dbh is the diameter at breast height, i is a species-specific asymptote parameter, p is a species-specific parameter describing the lower part of the stem, and q is a species-specific parameter describing the upper part of the stem. 
